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FJ.ECTROCHEMICAL CELL 

5 The present invention relates to a novel aqueous electrochemical cell, which 

may be a battery or a supercapacitor or both, and which uses titanium dioxide or a 
lithium titanate as the negative electrode. In accordance with the present invention, the 
titanium dioxide or lithium titanate is preferably in the form of a mesoporous material 
having a periodic arrangement of substantially uniformly sized pores of cross-section of 

1 0 the order of 1 0 -8 to 1 0 -9 m. 

The mesoporous materials used in the present invention are sometimes referred 
to as "nanoporous". However, since the prefix "nano" strictly means 10~ 9 , and the 
pores in such materials may range in size from 10~ 8 to 1(T 9 m, it is better to refer to 
them, as we do here, as "mesoporous". 

1 5 Titanium dioxide is well known as a negative electrode for lithium-ion batteries 

in which it is combined with a highly oxidising positive electrode, such as L^CoC^. A 
non-aqueous electrolyte is normally used because it is believed that the potential for 
lithium insertion into a TiC>2 negative electrode is outside the stability of water, and 
therefore hydrogen evolution should occur before lithium ion insertion- The use of non- 
20 aqueous electrolytes has several disadvantages; limited power and safety are issues that 
attract competition from aqueous systems such as the nickel/metal hydride cells. The 
latter, however, involve expensive alloys for hydrogen storage. Furthermore, the cell 
potential is limited to about 1.4 V because of the low overpotentials for hydrogen 
evolution on these metals. 

25 We have recently used the liquid crystal template deposition method to deposit a 

large variety of materials from silica, platinum and some materials used in batteries such 
as tin, manganese dioxide and nickel /nickel oxide. The deposits are all characterised 
by a well-ordered mesoporosity with aperiodic arrangement of pores between 2 and 20 
nm apart. This so-called mesostructure gives many advantageous properties to the 
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material. We have shown that meso structured metallic conductors can provide a fast 
electron transport route to an enormous surface area, thus enhancing properties such as 
electrocatalysis and charge storage by many orders of magnitude compared with the 
bulk forms of the same material. 

5 Our recent discovery that mesostructured nickel coated with nickel oxide could 

give unprecedented current densities in exoess of 5 A cm" 2 as a positive electrode in an 
alkaline electrolyte was tempered only by the absence of a negative electrode with 
equally good performance. Palladium is too expensive for use in most electrochemical 
cells, and metals capable of hydrogen storage, such as ZrNi 2 , are difficult to produce in 

10 mesostructured forms. Oxides, such as WO3, and various manganese oxy-hydroxides 
can be produced in mesostructured forms, but their facile reduction results in cells with 
low potentials against the nickel oxide positive electrode. Titanium dioxide has hitherto 
been overlooked as a candidate negative electrode in aqueous electrolytes because of the 
proximity of its reduction potential to that of hydrogen evolution. Although it has been 

1 5 used, in conjunction with other oxides, as a dimensionally stable anode material for 
electrolysis in non-aqueous systems, the degree of reversible reduction/oxidation has 
been too low for consideration as a negative electrode in a battery. We have now 
surprisingly found that titanium dioxide, especially mesostructured titanium dioxide and 
forms of titanium dioxide having ratios of surface area to volume of the same order as 

20 mesoporous titanium dioxide, can be repeatedly reduced and reoxidised in aqueous 

lithium hydroxide to a much greater degree man previously believed possible without 
significant hydrogen evolution, and that it may, therefore, be used as a negative 
electrode in aqueous alkaline batteries and other electrochemical cells. 

It should be noted that the term "battery" is used herein in its common meaning 
25 of a device thai converts the chemical energy contained in its active components 

directly into electrical energy by means of a redox (oxidation-reduction) reaction. The 
basic unit of a battery is an electrochemical cell which will comprise at least a positive 
electrode, a negative electrode and an electrolyte, the whole contained within a casing. 
Other components, such as separators, may be included, as is well known in the art A 
3 0 battery may consist of one or more such cells. 
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Thus, the present invention consists in an electrochemical cell comprising a 
cathode (positive electrode), an anode (negative electrode) and an electrolyte, wherein: 

the anode comprises titanium dioxide or a lithium titanate; and 

the electrolyte comprises an aqueous solution containing lithium and hydroxide ions. 

5 The titanium dioxide or lithium titanate used as, ot as part of, the anode, the 

negative electrode of the electrochemical cell of the present invention, is most 
preferably a rnesoporous titanium dioxide or lithium titanate. Such a material has a 
large contiguous surface area relative to its volume, and ensures that relatively little, for 
example, no more than 50%, of the material of the anode is far, for example no more 

1 0 than 1 0 nm, from that surface. The material preferably has a periodic arrangement of 
substantially uniformly sized pores of cross-section of the order of 10" 8 to 10" 9 m. This 
may be prepared as described in EP 993 512 or US 6,203,925 , and as described in more 
detail hereafter. However, it may also be a form of titanium dioxide or lithium titanate 
having a ratio of surface area to volume of the same order as rnesoporous tita n ium 

1 5 dioxide or lithium titanate , for example very finely divided titanium dioxide or lithium 
titanate. The titanium dioxide or lithium titanate preferably has a ratio of surface area to 
volume of from 10 to 5000 m 2 /cm 3 , more preferably from 10 to 1000 m 2 /cm 3 , and 
most preferably from 100 to 1000 m 2 /cm 3 . 

The electrochemical cell of the present invention may be constructed to function 
20 as a battery, as a supercapacitor or as a combined battery/supercapacitor. 

The positive electrode, the cathode, of the electrochemical cell of the present 
invention is preferably formed of a rnesoporous material. The material is preferably a 
metal, a metal oxide, a metal hydroxide,' a metal oxy-hydroxide or a combination of any 
two or more of these. Examples of such metals include: nickel; alloys of nickel, 
25 including alloys with a transition metal, nickel/cobalt alloys and iron/nickel alloys; 
cobalt; platinum; palladium; and ruthenium, which may be, and preferably are, 
rnesoporous. Examples of such oxides, hydroxides and oxy-hydroxides include those 
of: nickel; alloys of nickel, including alloys with a transition metal, nickel/cobalt alloys 
and iron/nickel alloys; cobalt; platinum; palladium; and ruthenium. Of these, we most 
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prefer nickel and its oxides and hydroxides, most preferably mesoporous nickel and its 
oxides and hydroxides. 

As is well known in the field, certain of these materials require "conditioning" 
before use. This may be achieved by putting the cell through several cycles of charging 
and discharging, as is conventional in the art A typical material requiring such 
conditioning is nickel, which, as a result of the conditioning, will acquire a surface layer 
of an oxide of substantial thickness. 

In particular, we prefer that the mesoporous structure of the positive electrode 
comprises nickel and an oxide, hydroxide or oxy-hydroxide of nickel selected from 
NiO, Ni(OH)2 and NiOOH, said nickel oxide or hydroxide forming a surface layer over 
said nickel and extending over at least the pore surfaces, and the negative electrode 
comprises mesoporous titanium dioxide. 

Thus, preferably the positive electrode and the negative electrode each comprise 
a mesoporous structure having a periodic arrangement of substantially uniformly sized 
pores of cross-section of the order of 10" 8 to 1CT 9 m. The positive electrode, and the 
negative electrode if it is also mesoporous, consists of or consists substantially of the 
mesoporous structure or structures as defmed. 

By "mesoporous structure", "mesoporous material" and "mesoporous film" as 
referred to herein are meant structures, materials and films, respectively, that contain an 
arrangement of pores preferably with a substantially uniform pore size (diameter). In 
particular, such structures, materials and films preferably have no more than 50% of 
their material further than 1 0 run from their surface. We also prefer that most of the 
pores should have a diameter in the range from 2 to 50, more preferably from 2 to 10, 
nanometres. Accordingly, the mesoporous structures, materials and films may also be 
described as nanostructured or having nanoarchitecture. Preferred structures are those 
that have been fabricated via a liquid crystal templating process, and that consequently 
are monolithic in nature, and contain a long range, regular arrangement of pores having 
a defined topology and a substantially uniform pore size (diameter), preferably between 
2 and 10 tun. The term "mesoporous" applies to all such structures irrespective of the 
method of synthesis and therefore includes 'nanomaterials' that are composed of 
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aggregated nanoparticulates, provided that the particles are connected or fused together, 
e.g. by partial sintering, to such an extent that interp article electron transfer is facile. 

Therefore, the mesoporous materials used in accordance with the invention are 
distinct from poorly crystallised materials and from composites with discrete nano-sized 
solid grains, e.g. conventionally denoted 'nanomaterials' that are composed pf 
aggregated nanoparticulates. 

An advantage of using mesoporous materials, compared with nanomaterials, is 
that electron transport within the mesoporous material does not encounter grain 
boundary resistances, affording superior electronic conductivity and removing power 
losses associated with this phenomenon. Moreover, the ordered porosity of the 
mesoporous materials used here provides a continuous and relatively straight, non- 
tortuous path of flow with uniform diameter, encouraging the rapid and unhindered 
movement of electrolyte species. By contrast, conventional nanoparticulate systems 
have a disordered porosity with voids of varying cross section interconnected by 
narrower intervoid spaces. As such, substances moving within the pore structure 
encounter a considerably tortuous path, impeding reaction rates. 

The mesoporous material is preferably in the form of a film of substantially 
constant thickness. Preferably, the mesoporous film thickness is in the range from 0.5 
to 5 micrometers. 

Preferably, the mesoporous material has a pore diameter within the range from 
about 1 to 10 nanometres, more preferably within the range from 2.0 to 8.0 run. 

The mesoporous material may exhibit pore number densities in the range from 
lxl0 10 to lxlO 14 pores per cm 2 , preferably from 4x10* 1 to 3xl0 13 pores per cm 2 , and j 
more preferably from lxlO 12 to lxlO 13 pores per cm 2 . \ 

The mesoporous material has pores of substantially uniform size. By \ 
"substantially uniform" is meant that at least 75%, for example 80% to 95%, of pores \ 
have pore diameters to within 30%, preferably within 10%, and most preferably within 
5%, of average pore diameter. More preferably, at least 85%, for example 90% to 95%, 



WO 2005/101548 



PCT/GBZ005/001420 



6 

of pores have pore diameters to within 30%, preferably within 10%, and most 
preferably within 5%, of average pore diameter. > 

The pores are preferably cylindrical in cross-section, and preferably are present 
or extend throughout the mesoporous material. 

The mesoporous structure preferably has a periodic arrangement of pores having 
a defined, recognisable topology or architecture, for example cubic, lamellar, oblique, 
centred rectangular, body-centred orthorhombic, body-centred tetragonal, 
rhombohedral, hexagonal. More preferably, the mesoporous structure has a periodic 
pore arrangement that is hexagonal, in which the electrode is perforated by a 
hexagonally oriented array of pores that are of uniform diameter and continuous through 
the thickness of the electrode. 

In the preferred case where the pore arrangement is cubic or hexagonal, the 
arrangement of pores has a regular pore periodicity, corresponding to a centre-to-centre 
pore spacing, preferably in the range from 3 to 15 nm, more preferably in the range 
from 5 to 9 nm. In an alternative preferred embodiment, the pore spacing is preferably 
in the range from 10 to 20 nm, more preferably from 12 to 17 nm. 

Moreover, the mesoporous structure having this regular periodicity and 
substantially uniform pore size should extend over a portion of the electrode of the 
order of at least 10 times, preferably at least 100 times, the average pore size. 
Preferably, the electrode consists of or consists substantially of a structure or structures 
as defined. 

It will be appreciated that these pore topologies are not restricted to ideal 
mathematical topologies, but may include distortions or other modifications of these 
topologies, provided recognisable architecture or topological order is present in the 
spatial arrangement of the pores in the film. Thus, term "hexagonal" as used herein 
encompasses not only materials that exhibit mathematically perfect hexagonal 
symmetry within the limits of experimental measurement, but also those with 
significant observable deviations from the ideal state, provided that most channels are 
surrounded by an average of six nearest-neighbour channels at substantially the same 
distance. Similarly, the term "cubic" as used herein encompasses not only materials that 
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exhibit mathematically perfect symmetry belonging to cubic space groups within the 
limits of experimental measurement, but also those with significant observable 
deviations from the ideal state, provided that most channels are connected to between 
two and six other channels. 

5 The performance of the Ti0 2 or lithium titanate may be modified or enhanced by 

doping with another metal, adding to or substituting for Ti in the structure. Examples of 
such metals are Jhe transition metals, preferably the first period transition metals V, Cr, 
Mn, Fe, Co, Ni or Cu, and most preferably vanadium. The oxygen content may be 
reduced such that the metal or metals are not in their maximum oxidation state before 

10 reduction. 

The mesoporous material, based on TiOa or Uthium titanate, may have a 
nonperiodic pore structure with a surface area above 10 m 2 per cm 2 , and preferably 
above 100 m 2 per cm 2 . Examples of such materials are nanoparticulate Ti0 2 or lithium 
titanate and nanotubes of Ti0 2 or lithium titanate. Additives, such as nanostructured 
15 carbon or carbon blacks may be added to increase the electronic conductivity of the 
electrode. Binders, inert materials used to hold particles together in a solid structure, 
may be added as in the common practice of the battery industry. 

In place of, or in addition to, the titanium dioxide, the anode may contain a 
lithium titanate, preferably Ii4Ti 5 0 12 . 

20 The mesoporous material may be prepared as described in EP 993 5 12 or US 

6,203,925, which produces an essentially monolithic film. If desired, this film or layer 
of mesoporous material may be comminuted to produce a particulate, but still 
mesoporous, material. 

As noted above, instead of a mesoporous material, other materials having a 
25 similar surface area to volume ratio may be used, for example the known materials 
referred to herein as "nanoparticulate". 



The electrolyte employed in the electrochemical cell of the present invention is 
an aqueous solution containing lithium and hydroxide ions, which may be aqueous 
lithium hydroxide. The concentration of lithium hydroxide in the solution may vary 
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over a wide range, as is well known in the art fox analogous materials (for example 
potassium hydroxide, as commonly used in alkaline batteries). However, for best 
results, a concentration of from 0.1 M to the saturation limit, more preferably from 
0.5M to the saturation limit, is preferred. Another hydroxide salt may be added to the 
electrolyte to increase the conductivity and other salts may have beneficial effects. 
Sodium hydroxide, potassium hydroxide or both may be included at concmtrations 
between 0.1M and the saturation limit, and preferably between 1M and the saturation 
limit. 

Where another hydroxide, such as sodium hydroxide or potassium hydroxide, 
provides the hydroxide ions, the lithium may be provided in the form of a salt other than 
the hydroxide. Examples of such salts include: inorganic lithium salts, such as litibdum 
sulphate, lithium perchlorate or lithium hexafluorophosphate; uthium sulphonates, such 
as lithium trifluorometh anesulphonate; and lithium carboxylates, such as lithium 
acetate. 

If desired the electrolyte may include other compounds to improve the efficiency 
of the cell or for other purposes, as is well known in the art. For example, if it is desired 
to reduce water activity in order to suppress hydrogen evolution, another compound 
may be added to achieve this. Such a oompound should be miscible with water and 
should be stable to oxidation at the positive electrode and stable to reduction at the 
negative electrode. That is, these solvents must be stable over the voltage range over 
which the cell operates. Examples of compounds added to reduce water activity 
include: tertiary alcohols, such as t-butyl alcohol; ethers, such as dtmethoxyethane, 
tetrahydrofuran or 1,4 dioxane; and tertiary amines, such as triemyiamine. 

In a preferred embodiment, the mesoporous structure of the nickel cathode 
comprises nickel and an oxide, hydroxide or oxy-hydroxide of nickel selected from 
nickel oxide (NiO), nickel hydroxide (Ni(OH) 2 ) and nickel oxy-hydroxide (NiOOH), 
said nickel oxide, hydroxide or oxy-hydroxide forming a surface layer over said nickel 
and extending over at least the pore surfaces, and the anode has a mesoporous structure 
of titanium dioxide or a lithium titanate. When rilled with electrolyte, the positive 
electrode represents a three-phase composite composed of an interconnected Ni current 
collector base, coated with Ni(OH)2 active material which is in contact with the 
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electrolyte. Advantageously, the hydrous structure of the mesoporous Ni positive 
electrode is retained such that both surface and bulk processes can contribute to the 
charge capacity of the electrode. Due to the nanoscale structure of the electrode, all 
three phases are in either in intimate contact or within about 1-2 nm of each other and 
the overall surface area of the 'phase boundaries' is extremely high. Hence, a high 
energy density can be achieved, whilst the small proton diffusion distance enables the 
cell to exhibit very high power density. ' 

As is well known in the field, nickel requires "conditioning" before use. This 
may be achieved by putting the cell through several cycles of cha rgi ng and discharging, 
as is conventional in the art As a result of the conditioning, the nickel will! acquire a ' 
surface layer of an oxide. 

The mesoporous materials preferably used as the positive and the negative 
electrodes of the electrochemical cells of the present invention are prepared by a liquid 
crystal templating method, and preferably are deposited as films on a substrate by 
electrochemical deposition from a lyotropic liquid crystalline phase. They may also be 
prepared by electro-less deposition, such as by chemical reduction from a lyotropic 
liquid crystalline phase. 

Suitable substrates include gold, copper, silver, aluminium, nickel; rhodium or 
cobalt, or an alloy containing any of these metals, or phosphorus. The substrate may, if 
desired, be microporoua, with pores of a size preferably in the range from 1 to 20 
micrometers. The substrate preferably has a thickness in the range from 2 to 50 
micrometers. The substrate preferably is a substrate as above, other than gold, having a 
layer of gold formed on itby vapour deposition. 

Suitable methods for depositing mesoporous materials as films onto a substrate 
by electrochemical deposition and chemical means are known in the art. For example, 
suitable electrochemical deposition methods are disclosed in EP-A-993,512; Nelson, et 
al, "Mesoporous Nickel/Nickel Oxide Electrodes for High Power Applications ", J. 
New Mat. Electrochem. Systems, 5, 63-65 (2002); Nelson, et aL, "Mesoporous 
Nickel/Nickel Oxide- a Nanoarchitectured Electrode", Chem. Mater., 2002, 14, 524- 
529. Suitable chemical reduction methods are disclosed in US-A-6,203i925. 
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Preferably, the mesoporous material is formed by electrochemical deposition 
from a lyotropic liquid crystalline phase. According to a general method, a template is 
formed by self-assembly from certain long-chain surfactants and water into a desired 
liquid crystal phase, such as a hexagonal phase. Suitable surfactants include 

5 octaethylene glycol monohexadecyl ether (CusEOg), which has a long hydrophobic 
hydrocarbon tail attached to a hydrophilic oligoether head group. Others include the 
polydisperse surfactants Brij^ (C 16 EO 0 where n~10), Brij®78 (CifiEOn where n~20), 
and Pluronic 123, each available from Aldrich. At high (>30%) aqueous 
concentrations, and dependent on the concentration and temperature used, the aqueous 

10 solution can be stabilised in a desired lyotropic liquid crystal phase, for example a 

hexagonal phase, consisting of separate hydrophilic and hydrophobic dornaibs, with the 
aqueous solution being confined to the hydrophilic domain. Dissolved inorganic salts, 
for example nickel acetate, will also be confined to the hydrophilic do m ai n , and may be 
electro-reduced at an electrode immersed in the solution, to form a solid mesophase, for 

1 5 example of nickel metal, that is a direct cast of the aqueous domain phase structure. 

Subsequent removal of the surfactant, by washing in a suitable solvent, leaves a regular 
periodic array of pores in the electro-reduced solid, the arrangement of the pores being 
determined by the lyotropic liquid crystal phase selected. The topology, size, 
periodicity and other pore characteristics may be varied by appropriate selection of the 

20 surfactant, solvent, metal salts, hydrophobic additives, concentrations, temperature, and 
deposition conditions, as is known in the art 

Mesoporous titanium dioxide or lithium titanates may be prepared using similar 
surfactants to those suggested above and in a similar way. In this case the surfactant is 
preferably one that gives a cubic liquid crystalline phase chosen to impart to the 

25 resulting mesoporous structure a large internal surface area in contact with a well- 
connected pore system. For this reason, Pluronic F127 is preferred over P|luromc 123. 
The reaction to form the titanium dioxide may be any known in the art, for example the 
acid hydrolysis of a titanium alkoxide, such as titanium ethoxide. A dopant, such as a 
vanadium salt, especially a vanadyl chloride, such as VOCI3, may, if desired, be 

30 included in the solution from which the titanium dioxide is deposited, in order to raise 
the reduction potential. 
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As noted above, the mesoporous material of which the mesoporous jelectrode is 
made is preferably formed by electrodepositiori or chemical deposition on 4 substrate. 
Since the mesoporous material may lack adequate mechanical strength, it is preferably 
used as an electrode on a substrate, and, for convenience, this is preferably the same 
5 substrate as was used in its preparation 

As is common in the art, a current collector is preferably used to conduct current 
to or from the electrodes. This current collector should be, as is known in the art, 
essentially inert under the conditions in the electrochemical cell, and. in particular, it is 
preferably a poor catalyst for hydrogen" evolution Examples of materials which may be 
10 used as current collectors include: carbon in various forms, such as vitreous carbon, 
carbon black or graphite; metals, such as titanium or tantalum; tin oxide doped with 
indium or fluorine; and reduced titanium oxide, Ti02- X . The current collector may be 
connected to the relevant electrode by any conventional means. 

The invention is further illustrated by the following non-limiting Example, with 
1 5 . reference to the Figures, in which: 

Figure 1 shows cyclic voltaramograms of (a) a mesoporous titanium dioxide 
film (4-dip, cubic), (b) a mesoporous titanium dioxide film (single dip, cubic) and (c) a 
non-templated titanium dioxide film between -0.5 V and -1.8 V vs. Hg/HgO at 20 raV 
s* 1 in de-oxygenated 1 M aqueous lithium hydroxide at 25 C; 

20 Figure 2 shows cyclic voltammograms of a mesoporous titanium dioxide film 

(hexagonal, single dip) in (a) 1 M aqueous lithium hydroxide and (b) 1 M aqueous 
.potassium hydroxide between -0.5 V and -1.8 V vs. Hg/HgO at 20 mV s" 1 at 25°C; 

Figure 3 shows the potential step charge/discharge cycle of a mesoporous 
titanium dioxide film (cubic, 4-dip); the film was charged for 6 s at -1.8 V vs. Hg/HgO 
25 and discharged for 6 s at -0.5 V vs. Hg/HgO in de-oxygenated 1 M aqueous lithium 
hydroxide at 25°C; and 



Figure 4 shows currerd-time response mesoporous Ni, Ni(OH>2 / mesoporous 
Ti0 2 (4-dip, cubic) films in 2 electrode set-up pulsed between 0 V and 2.0 V in de- 
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oxygenated 1 M aqueous lithium hydroxide at 25°C. The dotted line shows the 
potential steps applied. ' 

EXAMPLE 

Preparation of a nanostractnred nickel/titanium (iy> oxjde supe rcapacifor. 

5 (i) Preparation of nickel/nickel hydroxide substrates: 

For the mesoporous nickel films, nickel foil (10 jxm thick, 4 cm 2 ) wajs obtained 
from Goodfellows and was cleaned in an ultrasound bath of isopropanol for 1 5 minutes 
prior to deposition. It was then rinsed in de-ionised water and dried under ambient 
conditions. 

10 (ii) Electrodeposition of nickel from an hexagonal liquid crystalline phase: 

A mixture having normal topology hexagonal (Hi) phase was prepared from 
45 wt% of an aqueous solution of 0.2 M nickel (II) acetate, 0.5 M sodium acetate and 
0.2 M boric acid, and 55 wt% of Brij® 56 non-ionic surfactant (CigEO,, wherein n~10, 
from Aldrich), and electrodeposition onto the nickel foil substrate was carried out 
1 5 potentiostatically at -0.9 V vs. a saturated calomel electrode and at 25°C using a 

platinum gauze counterelectrode, according to the method disclosed in Nelson et al., 
Chem. Mater., 2002, 14, 524-529. The total deposition charge was 2.0 C. After 
deposition, the films were washed in copious amounts of isopropanol for 24 hours to 
remove the surfactant. 

20 (iif) Preparation of titanium (TV) oxide substrates: 

For the mesoporous titanium dioxide films, glass slides coated with fluorine- 
doped tin oxide (FTO) (textured, 2.5 x 3.5 x 0.1 cm 3 ) were obtained from Asahi, 
cleaned in Teepol®, then rinsed in copious amounts of acetone and de-ionised water and 
dried under ambient conditions prior to deposition 
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(iv) Chemical deposition of titanium (IV) oxide from a cubic liquid crystalline 
phase: 

A solution of Pluronic P123 (for hexagonal phase templated) or Pluronic F127 
(for cubic phase templated) (2 g), methanol (15 g), concentrated hydrochloric acid (2 g), 

5 titanium (TV) ethoxide (3-4.5 g) was used to dip-coat the FTO/giass- slides at a dip rate 
of 0.5 cm s" ! . Samples were aged at 45°C for 24 hours, heated to 40O°C under N 2 and 
then calcined under Ch for 2 hours to remove the surfactant The final dryness of the 
cubic and hexagonal single dip T1O2 films was typically 0.5 urn. Non-temp lated control 
samples were also prepared using the same procedure but in the absence of any 

10 surfactant. 

Cubic multiple layered samples were deposited by repeatedly dip coating in the 
same solution as above but with 30 seconds between dips These samples were then 
aged at 45°C for 24 hours, heated to 190°C in air and left for 2 hours. The samples were 
then dipped into a solution containing 15 g MeOH, 0.3 g concentrated HC1, and 0.3 g 

1 5 Ti(OEt) 4 , after which the samples were aged at 45°C for 24 hours, then calcined in air to 
remove the surfactant (heated to 360°C) and left for 2 hours. The final thickness of the 
cubic 4-dip TiOz films was measured by scanning electron microscopy and was 
typically 1 .3 urn. Transmission electron microscopy of fragments taken from the film 
showed the nanostructure as a cubic array of 10 nm pores with a repeat distance of 

20 15 nm. 

(v) Examination of the titanium (TV) oxide electrode; 

For electrochemical studies, electrical contact was made to some exposed FTO 
at the edge of the TiQi-coated slide andpolyimide tape used to mask an area of the TiC-2 
film approximately 1 cm 2 . The cell also consisted of de-oxygenated 1 M aqueous 
25 lithium hydroxide electrolyte, a nickel mesh counterelectrode and potentials are versus a 
Hg/HgO reference electrode. Data were collected using a Solartron 1286 
Electrochemical interface and Corrware software. 

in Figure 1 , the cyclic voitammograms of the mesopoxous Ti02 film and control 
(non-templated) sample show a large increase in cathodic current at potentials below 
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-1.0 V vs. Hg/HgO. More importantly, on reversal of the scan, the mesoporous film 
gives an anodic peak demonstrating reversibility of the reaction. Integralion <pf the 
mesoporous TiC>2 vol tamm ogram showed 127 mC cm" 2 and 29.1 mC cm" 2 reversible 
charge for the 4-dip and single dip cubic mesoporous films respectively compared to 
less than 1 mC cm' 2 for the non-templated sample. The charge storage efficiency was 
81% for the 4-dip templated sample and 75% for the single dip templated sample, as 
compared with less than 1% for the control sample. . 

Cation insertion was confirmed by electrochromic behaviour of Ihe titanium 
dioxide electrode giving a deep blue colouration in the charged state for the mesoporous 
film and a lesser colouration of the non-templated sample. Similar electrochromic 
activity is well known during the reduction of TiOa in non-aqueous lithium electrolytes. 
Experiments analogous to those shown in Figure 1, using TiOa films templated from a 
hexagonal phase liquid crystal deposition composition in both 1 M LiOH (aqueous) and 
1 M KOH (aqueous) electrolyte are shown in Figure 2. These samples gave only small 
amounts of reversible charge (<5 mC cm" 2 ) and a weak colour change in KOH solution 
compared to LiOH (17.2 mC cm* 2 ), suggesting that lithium ions are more easily inserted 
into the TiOj structure. 

The mesoporous form of the electrode suggests that electrode discharge can be 
very rapid. Figure 3 shows the result of a potential step charge/discharge experiment 
performed on a 4-dip cubic Ti0 2 sample, in which the current is greater than 
40 mA cm" 2 , and 65 mC cm" 2 ia released in 3 seconds (equivalent to 86% charge storage 
efficiency). This result is most significant when we realise that it is for a 
macroscopically planar electrode surface, so that much larger current densities can be 
expected for electrodes in which the same film thickness is distributed over a 
microscopically roughened current collector as in modem battery electrodes. Taking 
into account the actual electrode thickness of 1 .3 pm, we can calculate an expected 
current density of 5 Acta 2 for a typical battery electrode thickness of 130 um. 
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(vi) Assembly and testing of charge/discharge characteristics of tiie j 
supercapacitor: 

The superiority of mesoporous titanium dioxide over other negative electrode 
materials for use in alkaline solution is demonstrated by the charge/discharge potential 
5 steps of the following cell: 

mesoporous Ti0 2 | LiOH (at}, 1M)| mesoporous Ni/Ni(OH)z 

Each electrode in the cell was pre-charged for 60 seconds, TiOj (4^dip, cubic) at 
-1 .6V vj.Hg/HgO and Ni at 0.65 V vs. Hg/HgO. Once connected in the 2 electrode 
set-up the open circuit voltage was measured as 2.03 V. This is much higher man the 

1 0 voltage obtained in the Nickel Oxide/Metal Hydride system, where hydrogen evolution 
occurs above 1 .4 V because of the eledxocatalytic nature of the metal compared to 
titanium dioxide. Figure 4 shows the current transients respectively as the cell is pulsed 
between 0.0 V and 2.0 V. The average charge is -1 1.9 mC cm' 2 and discharge 9.0 mC 
cm"*, giving a charge storage efficiency of 76%. Discharge is 86% complete within 3 

15 seconds. 



